Determining the mechanical constitutive properties of metals as a function of strain rate and temperature: A combined experimental and modeling approach Development and validation of constitutive models for polycrystalline materials subjected to high strain rate loading over a range of temperatures are needed to predict the response of engineering materials to in-service type conditions (foreign object damage, high-strain rate forging, high-speed sheet forming, deformation behavior during forming, response to extreme conditions, etc.). To account accurately for the complex effects that can occur during extreme and variable loading conditions, requires significant and detailed computational and modeling efforts. These efforts must be closely coupled with precise and targeted experimental measurements that not only verify the predictions of the models, but also provide input about the fundamental processes responsible for the macroscopic response. Achieving this coupling between modeling and experimentation is the guiding principle of this program. Specifically, this program seeks to bridge the length scale between discrete dislocation interactions with grain boundaries and continuum models for polycrystalline plasticity. Achieving this goal requires incorporating these complex dislocation-interface interactions into the well-defined behavior of single crystals. Despite the widespread study of metal plasticity, this aspect is not well understood for simple loading conditions, let alone extreme ones.
Key achievements for this fiscal period.
Development of a crystal plasticity model that includes the effect of boundaries as a source, a barrier and a sink for dislocations.
One of the challenges for plasticity codes, especially as progress is made toward a multiscale approach, is the transition from single to polycrystalline materials especially in the elasto-plastic transition region. Early work by Robertson 1-4 and coworkers established experimentally the conditions for slip transfer across high-angle and random grain boundaries during the early stages of quasi-static loading. Specifically, it was determined that the slip transfer process was governed by competition between the slip system experiencing the maximum local resolved shear stress (applied stress + dislocation pile-up contribution) and the change in energy of the grain boundary as a consequence of the dislocation absorption and emission process. More recently these conditions have been shown applicable to interfaces between different materials or phases 5, 6 . Hoagland et al. have demonstrated that the stress transmission effected by a semi-coherent (or nearly incoherent) bi-material boundary is affected by the core structure of misfit dislocations in the boundary. Spreading of the core can lead to a boundary that has increased mobility of misfit dislocations and concomitant weakening of the boundary in shear 7 . Hence, one must consider boundary structure on slip transfer. This is a complex problem as the boundary structure is not necessarily constant along the length of the grain boundary, creating weak and strong regions within the grain boundary.
The challenge then is to formulate these slip transmission rules, at least in a phenomenological sense, into models that can be included in polycrystalline plasticity codes. One of the major achievements this fiscal period has been the development of appropriate models to account for slip transfer across interfaces. Basically, this involves accounting for the grain boundary by considering a bicrystal inclusion as the representative volume element of the aggregate. Each component of the bicrystal is subjected to a viscoplastic constitutive law and the response of the inclusion is determined based on the volume fraction of the components. Compatibility and equilibrium requirements are imposed across the interface. Interaction between the inclusions and the aggregate is accounted for through a visco-plastic self-consistent scheme. The grain boundary misorientation is accounted for by the bicrystal and the local stress distribution through the viscoplastic constitutive law. To account for the change in the grain boundary energy, we propose:
• development of a "latent hardening" applied to slip systems which intersect the boundary; • using an effective "back stress" created as a result of the residual dislocation produced as the difference between the absorbed and emitted dislocations. The first choice applies to boundaries with characteristics of high mobility of misfit dislocations such as at a bi-material interface, and the latter to slip transmission across grain boundaries, including twin boundaries. The predictions of the model are being tested against respective material systems and for different loading conditions. In the following, we outline development of the model, show the introduction of the latent hardening approach to Cu/Nb nanolayers, and comment on our on-going experimental study of the effect of twin boundaries on deformation.
1.A. Composite Grain Model
The model is built upon the Viscoplastic Self-Consistent Code (VPSC) developed by Carlos Tomé at LANL. In general, each composite grain can consist of two crystals with different volume fraction. [For congruence with the subsequent example, the two phases are identified as Cu and Nb.] The misorientation between the two crystals can be specific, i.e., Kurdjumov-Sachs orientation relationship, or random. The interface between the two crystals is assumed to be planar having its normal along the 3-direction (ND) as shown in Figure 1 . The deformation response of both crystals is uniform, but not necessarily equal. The composite grain deformation follows the requirements of compatibility and equilibrium at the interface. In addition, one can determine the response of a composite grain by averaging the response of both crystals with respect to their volume fractions ( 
Similarly, the deviatoric stress cg σ ′ is written:
The compatibility constraint requires continuous velocity across the interface. Therefore the following components of deformation rate are required to be equal at the interface:
The other components are expressed by the averaging scheme:
The requirement on the continuity of traction across the interface implies that only the following shear stress components are continuous:
In general, the shear stress components across the interface do not have to be equal to the macroscopic ones as required in the relaxed model. As a result, the model accounts for local equilibrium and compatibility at the interface between two crystals. However, one expects that the average response of composite grains to be equal to the aggregate response. To do so, the global boundary conditions are imposed by relating each composite grain response to the macroscopic behavior of the aggregate as used in the viscoplastic self-consistent scheme 8 .
The basic use for the viscoplastic self-consistent scheme is to solve for the heterogeneous plasticity response for given boundary conditions. Most metals possess anisotropic single crystal properties. Such anisotropy is coupled with the heterogeneity in response, which usually arises from the difference in orientation of grains within a polycrystalline aggregate. In the present setting, each composite grain is treated as a viscoplastic ellipsoid embedded in a Homogeneous Equivalent Medium (HEM). Both individual grains and HEM have uniform properties, where the latter represents the aggregate by averaging the response of all composite grains. One is able to allow for local deviation of crystal strain rate and stress from the overall strain rate and stress using the widely known Eshelby solution for a heterogeneous medium. The interaction equation is expressed as:
where overbars indicate aggregate averages and M is the interaction matrix written as:
S is the Eshelby tensor and M is the overall tangent plastic modulus. It is clear that the interaction modulus controls the flexibility allowable for each crystal to plastically deform with respect to the surroundings. For the composite grain model, the response of both crystals is coupled as expressed in Eqs. 1 and 2. An additional step is required to compute the plastic compliance for the composite grain. It has been shown by Lebensohn that the plastic compliance can be computed from 9 ( )( ) 1 : : : : (8) where the matrix A is a function of the individual plastic compliance and the boundary conditions applied at the interface.
By applying the composite grain model to the self-consistent method, it is possible now to consider the local interaction at the interface between two grains (Cu and Nb) and the global interaction between each composite grain and the aggregate. The current model is used to simulate the macroscopic deformation behavior of the nanoscale Cu/Nb multilayers as discussed in section 1B.
1.B. Texture evolution in Cu/Nb multilayers
A recent study by Anderson et al. investigated the rolling texture of Cu/Nb polycrystalline multilayers 10 . Texture data was supplied by Dr. A. Misra of LANL. The initial individual layer thickness ranges from 75 nm to 1µm. The Cu/Nb multilayers were rolled to 50% thickness reduction. It was reported that the layers with relative large initial thickness exhibit a typical bulk rolling texture for both Cu and Nb. On the other hand, layers with relative small initial thickness were observed to exhibit a unique rolling texture. The Kurdjumov-Sachs orientation relationship across the fcc/bcc interfaces, <110>Cu//<111>Nb, was indicated for the as-deposited structure. The measured rolling textures indicated that the Kurdjumov-Sachs relation was lost for the 'thick' layers, while it was preserved to a large degree for the 'thin' layers.
The above experimental texture evidence strongly suggests that there is a change in deformation and strengthening mechanism as the layer thickness is reduced to several nanometers. At this scale, it is believed that the Cu/Nb interface plays a key role in affecting the texture development during rolling. In this work, a polycrystal plasticity model is developed to study the unique rolling texture of nanoscale Cu/Nb multilayers. The model accounts for the Cu/Nb interface by considering a composite grain as the representative volume element of the aggregate. Each grain is divided into Cu and Nb crystals in which the interface is parallel to the rolling plane. In addition, a latent hardening formulation is introduced in the composite grain model to account for the resistance to slip transfer across the interface between Cu and Nb layers. The latent hardening is computed based on storing/annihilating interface dislocations during slip transmission.
To account for the interaction between each composite grain (inclusion) and the medium (polycrystalline sample), the model has been implemented in a viscoplastic self-consistent scheme 8 . In doing so, the model is capable of satisfying compatibility and equilibrium constraints both locally (at interface) and globally (displacement/traction boundary conditions). Due to the presence of thin (flattened) layers, equilibrium at the interface is considered by relaxing the shear components of strain rate at the interface for each crystal in the composite grain. grains. The only interaction allowed is between each grain and the homogeneous equivalent matrix. As a result of having relatively thick layers, one can expect the rotation of each crystal is not affected by its neighbor. Consequently, typical FCC and BCC rolling textures are developed for the Cu and Nb phases, respectively. The simulated texture looks very similar to the measured rolling texture of the relatively thick Cu/Nb layers as shown in figure 2. It should be noted that the only restrictions applied to crystal rotation are due to plastic shearing applied on a certain number of slip systems to accommodate crystal deformation and local deviation of crystal deformation response from the macroscopic response expressed.
For the simulation of the nano-layered material, each composite grain is divided into Cu and Nb crystals with equal volume fraction. Interfaces between crystals are assumed to be parallel to the rolling plane to satisfy equilibrium and compatibility constraints (Eqs. 3, 4, and 6). Slip system hardening includes a contribution based on net Burgers vector collected in the boundary. The evolution of dislocation content in the boundary is derived from relative rotation between the Cu and Nb grains of the bicrystal. The hardening rate is computed based on the this content, assuming a linear arrangement of dislocations in the boundary. [Note that this linear arrangement is relevant to boundaries demonstrating high mobility, as is the case for the Cu/Nb system.] Hardening is developed relative to the specific slip system contribution to boundary content: slip systems parallel to the boundary remain "soft", while other slip systems harden according to the rate at which they introduce dislocations into the boundary. Figure 3 shows the rolling textures for the nanoscale layers using the modified composite grain model with the latent hardening effect included. Accurate prediction is given considering only these effects of boundary equilibrium and the "latent" hardening due to "excess" boundary content is included. This represents a major advance in our predictive capabilities.
1.C. Effect of twin boundaries on stress response in polycrystal Ag
The specific problem being considered is summarized in the stress-strain response shown in figure 4 for fine-(2 µm grain size) and coarse-grained (20 µm grain size) silver containing annealing twins. Several differences are apparent:
1. the fine-grained material has a higher yield strength than the coarse grained material; 2.
the coarse-grained material appears to have a distinct yield point although closer inspection of the stress-strain curve shows a departure from linear behavior at low levels of strain, fig. 4b ; 3.
the presence of a region of uniform elongation with a low work hardening rate exists in the fine-grained material but not in the coarse-grained material; 4.
three distinct work hardening stages exist, fig 4c. The grain size variants were prepared by Dave Korzekwa (LANL) through a process combining rolling and subsequent annealing. In the fine-grained material this process resulted in a microstructure consisting of annealing twins within a matrix that was relatively free of dislocations, figs. 5a and 5b. The annealing twin boundaries contain dislocations both within the boundary and attached to it. The question then arises as to the role this microstructure has in determining the observed macroscopic response and how this can be incorporated in a plasticity model.
The difference in the yield strength between the two materials is attributable to the grain size effect. The other differences are not expected and would not be predicted by current plasticity codes. To determine the microstructural changes associated with the macroscopic response some samples were deformed to just beyond the yield point. In the fine-grained material, the microstructure consisted of regions of high dislocation density, Fig 6a, and, unexpectedly, regions with "clean" twin boundaries and with thin deformation twins, Fig. 6b and 6c . The clean twin boundaries may reflect strain-induced recovery of the initial microstructure but the presence of locally high dislocation densities and deformation twins suggest the annealing twins are the sources for slip dislocations and for twinning dislocations.
The role of the annealing twins in the generation of slip and twinning dislocations was verified by redeforming the deformed material in situ in the transmission electron microscope and directly observing the deformation modes. These experiments revealed the importance of the preexisting annealing twins as sources for slip and for twinning dislocations, and as barriers to the propagation of slip. Figure 7a shows the emission of partial dislocations from a twin boundary in response to dislocation activity within the twin, and Figure 7b shows the creation of deformation twins from annealing twin boundaries. The series of images in Figure 8 show the blockage of slip dislocations by twin boundaries. A dislocation pile-up is formed and with increasing applied load the dislocations eventually break past the barrier. The effectiveness of this barrier and its
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Twin boundary contribution to the strength of the material still needs to be assessed. If it makes a significant contribution, this mechanism will have to be incorporated in plasticity models.
The observations that annealing twin boundaries are sources for slip and twinning dislocations has been incorporated in a polycrystal plasticity model in the form of an inclusion consisting of two crystals separated by a twin boundary. Further, it is assumed that annealing twins are the sources for slip and twinning dislocations.
In the model we complement the usual evolution equation for forest density f ρ with evolution of the mobile dislocation density, m ρ . Following Kubin & Estrin 11, 12 Twin boundary A comparison of the predicted and experimental response is shown in figure 9 . Clearly, the main features of the stress-strain curve have been captured especially just beyond the yield point. The applicability of the approach is being tested against over systems such as the response of copper, which shows a similar stress-strain relationship but without deformation twinning. . These experiments have focused on obtaining the stress strain response of the materials up to saturation stress levels. Figure 10a ,b,c shows a set of stress strain curves for Cu, Al and Zr respectively. The first two figures include a quasi-static stress strain curve along with three dynamic response curves obtained in the SHPB. The arrows in the figure indicate the strain level (and time t h ) at which the loaded specimen achieves homogenization conditions. This time is obtained experimentally by comparing the measured forces at the specimen/incident bar and specimen/transmitted bar interfaces. Some of the stress-strain curves shown in Fig. 10b and 10c have been obtained using a pulse shaper. In this configuration of the SHPB, a thin Cu disk is placed at the impact end of the incident bar. The disk, which yields upon impact, produces an incident pulse with a more gradual rise time to peak loading. The purpose of these tests was to validate the experimental setup, the implementation of pulse shaping techniques, and to obtain some preliminary dynamic stress strain curves for materials of interest (Cu and Zr).
Source activation, slip and twinning dislocations.
Slip and twinning but with slip increasing with strain.
Slip dominates and hardening due predominantly to dislocationdislocation interactions. Figure 9 . Comparison of the experimental and simulated stress-strain relationships. Figure 11 shows a comparison between the dynamic stress strain response of OFHC Cu obtained in the present study and that found in several sources in the literature [13] [14] [15] [16] . As can be seen the present results agree very well with those of Bragov and Lomunov 16 while both are quite different from those in the other works. The reason for this difference is not clear at present. Although all studies have used OFHC Cu the microstructural details, specifically grain size, are not known in each case. It is believed that the effect observed could be the result of the fine grain structure of the Cu used in these tests.
Laser loading experiments
In terms of this project, a novel laser loading device is being developed that would be capable of applying (estimated) strain rates between 10 4 /s and 10 7 /s to the materials of interest. The methodology is based on the laser loading spallation experiments outlined in Gupta et al. 17, 18 The set-up is shown schematically in Figure 12 : a high power short duration laser pulse is incident on a thin energy absorbing layer deposited on the surface of a substrate (glass, silicon or quartz). The layer rapidly expands and since it is confined on one side by a confining layer (here waterglass which is transparent to the laser light used) a stress wave is launched into the substrate. In the work of Gupta et al. 17, 18 this wave, which can become a shock depending on the substrate material and the intensity of loading, was used to study interface spallation strength. In the present work an anvil is placed behind the sample so that it is sandwiched between two elastic substrates forcing it to yield. A Michelson interferometer is used to measure the free surface velocity on the back surface of the transmitted anvil. Simple one dimensional wave propagation calculations can then yield the stress at the interface between the anvil and sample.
A Spectra Physics quanta Ray Lab 190-10 Nd:YAG laser with a peak energy per pulse of 1 J and pulse width (FWHM) of 11.7 ns has been obtained for this work. Thus far we have performed a calibration study of laser induced stress wave propagation in glass substrates (and are now in the process of testing silicon and quartz substrates). Soda-lime glass slides were coated with aluminum on both the front and back surfaces using an electron beam evaporator. A 500 nm layer of aluminum was deposited on one side to act as the energy absorbing layer. The other side was coated with a 100 nm thick layer to act as a reflecting surface for the Michelson interferometer. The absorbing layer was then coated with a 30 micron thick layer of waterglass which acts as a confining layer, and increases the amplitude of the stress pulse in the substrate. For the results presented below, the beam was focused to a 5 mm spot on the absorbing layer. However, higher fluence (= energy/area) could be achieved by focusing the beam down to 2 mm. The Michelson interferometer, which is sensitive to out-of-plane displacements, compares the optical path length between a reference beam and a beam reflected off the specimen surface. The beams are combined onto a photodetector: (ElectrOptic technologies ET-4000 with 10 GHz bandwidth and 35 ps rise time) which records a maximum intensity when the beams interfere constructively and minimum when they interfere destructively. The signal is recorded on a Tektronix 694C digital oscilloscope (3 GHz bandwidth, 10 GS/s). A single mode laser is needed as the illumination source for the interferometer. In the present work we use a Crystalaser DPSS single longitudinal mode laser operating at 532 nm with 25 mW power. Figure 13a shows a typical signal from the interferometer recorded during loading of a single glass substrate. The peaks and valleys, corresponding to constructive and destructive interference respectively, are clearly visible. From this signal one can obtain a record of the free surface (i.e., the one opposite the impact end) velocity, as shown Figure 13b . Finally, differentiating the displacement (either by curve fitting or numerically if the sampling rate is sufficient) provides the free surface velocity, and consequently stress, shown in Figure 13c . Figure 14 shows the results of a calibration study in which the fluence of the loading pulse was varied by changing the laser power and keeping the impact area constant at 5 mm. As can be seen it is possible to control the pulse magnitude quite well in this fashion.
In the immediate future it is planned to perform similar incident calibration tests on silicon and quartz substrates. Subsequently Cu, Zr and V will be tested in the configuration shown in Figure  12 . A gripping fixture to hold the 5 mm diameter specimens has been designed and constructed. As seen above, the loading and free surface diagnostics have also been implemented. However, in order to obtain accurate measurements of both stress and strain in the sample we also need a measurement of the pulse reflected from the specimen back into the substrate. One way of obtaining this measurement, at least for the case of quartz substrates, is by making use of the piezoelectric properties of the quartz itself. Graham et al. 19 showed that using measurement of the incident and reflected pulses in the quartz. (In fact before widespread use of displacement or velocity interferometry this was the most common way of measuring the substrate stress.) However, in the work of Graham et al. 19 and since then (e.g. Gupta and Epstein 18 ) this method has been used for measuring the incident stress pulse in the calibration of a free standing quartz disk (much like the results of Figure 13 that were obtained using interferometry). In the present work, however, it is the incident and reflected pulses when we place a metal sample after the quartz substrate that need to be recorded. Therefore, the quartz surface is no longer traction free and the reflected pulse will be altered depending on the impedance mismatch, 19 has therefore been extended to include a possible impedance mismatch between quartz and sample. The main result is shown graphically in Figure 14 . The average polarization of the quartz < P > changes only when there is a change of strain with it. Consequently, it can be shown that the resulting current i(t) recorded by the oscilloscope is proportional to the free surface velocity. Both are shown schematically in Figure 14 with the traction free case described by Graham et al. 19 corresponding to the impedance mismatch of α = 0, while α = 1 and α = ∞ correspond to the impedance matched and built-in cases, respectively. From the theoretical results of Figure  14 , it appears possible, in a set-up involving a quartz substrate, to obtain a measure of the pulse reflected from the sample. This, in addition with the measurement of free surface velocity of the anvil should allow for complete determination of the state of the sample. We have already purchased a number of 5 mm X-cut piezoelectric disks and will be testing them in the near future.
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